Introduction
Adenosine-to-inosine (A-to-I) RNA editing occurs via hydrolytic deamination of adenosine and is catalyzed by members of the adenosine deaminases that act on RNA (ADARs) protein family (for reviews see [1] [2] [3] [4] ). Because inosine base-pairs with cytosine, it is read as a guanine by most cellular processes, and A-to-I editing can therefore create a codon for a different amino acid, a stop codon or even a new splice-site contributing to the diversification of protein created from a single gene [1] [2] [3] . Whereas A-to-I modification is mostly non-specific within perfect dsRNA substrate, specific deamination of a single or limited set of adenosine residues often occurs in imperfect double-stranded RNA (dsRNA) regions containing bulges, loops and mismatches. Those specifically modified substrates are typically formed by base pairing between edited exons and complementary sequences in flanking introns in pre-mRNA. Importantly, the structural determinants controlling this type of site-specific RNA editing are still not completely understood [5] [6] [7] [8] .
Many editing events in both Drosophila and humans occur in neuronal tissues and have been shown to be important for proper functioning of the nervous system, where A-to-I editing produces functionally important isoforms of proteins involved in synaptic neurotransmission [9] [10] [11] [12] [13] [14] [15] [16] [17] . In vertebrates, one of the best studied ADAR substrate is the pre-mRNA encoding for subunit 2 of the α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionic acid (AMPA) subtype of glutamate receptor (GluR-2; also referred to as GluR-B) which is edited at two specific sites, i.e. the R/G and Q/R editing sites [9, 18, 19] . These two sites are edited with a high specificity and reduction of editing efficiency at these sites leads to dramatic effects on central nervous system [20, 21] . They are therefore often used as model system for studies of editing by ADARs.
ADARs from all organisms share a similar domain organization that includes from one to three copies of a dsRNA binding domain (dsRBD; also referred to as dsRBM for dsRNA binding motif) in their N-terminal region followed by a C-terminal adenosine deaminase catalytic domain. The role of the dsRBDs in ADAR proteins is to recognize and bind to dsRNA thereby bringing the deaminase catalytic domain to its substrate adenosine at specific editing sites. Whereas two functional enzymes are present in vertebrates (ADAR1 and ADAR2), Drosophila has a single ADAR protein (dADAR) related to vertebrates ADAR2 [22, 23] . The structure of mammalian ADAR2 deaminase domain [24] and ADAR2 dsRBDs have been determined in their free state [25] . Additionally, structures of ADAR2 dsRBDs have been determined in complex with the GluR-2 R/G site RNA substrate [7] .
Importantly, structural studies on ADAR dsRBDs have been limited so far to mammalian ADAR2.
The dsRBD is a ~65-75 amino acids domain with specific binding capacity for dsRNA, which is found in many eukaryotic and prokaryotic proteins presenting a large variety of functions [26] [27] [28] [29] . The structures of different dsRBDs have been determined uncovering a mixed α/β fold with a conserved αβββα topology in which the two α-helices are packed against the three-stranded anti-parallel β-sheet [30, 31] . In addition, structures of dsRBDs have been determined in complex with dsRNA, predominantly with non-natural RNA duplexes [32] [33] [34] [35] [36] [37] [38] , revealing the canonical mode of dsRNA recognition by dsRBDs. Molecular recognition is made via three regions of interaction: helix α1 and the loop between β1 and β2 contact dsRNA minor grooves at one turn of interval whereas the short loop between β3 and α2 together with the N-terminal part of helix α2 contact the dsRNA phosphate backbone across the major groove. These studies also indicated that a subclass of dsRBDs prefers stem-loops over A-form RNA helices [33, 35] . In some structures, a sequence-specific contact has been observed between a main-chain carbonyl of the β1-β2 loop and an amino group of a guanosine in the minor groove [32, 34, 36, 37] . In addition, a large variety of contacts have been described between helix α1 and both regular minorgrooves [32, 34, 36, 37] and apical loop structures [33, 35, 38] . Even if most of these contacts are not sequence-specific, it has been proposed earlier that helix α1 could help achieve substrate specific recognition via the modulation of its contacts with apical RNA loop structures [33] . Nevertheless, the most common idea about dsRBDs is that they recognize the A-form helix of dsRNA in a sequence-independent manner [26, 29, 32] . Indeed, the majority of dsRBD-RNA interaction involve contacts with the 2′-hydroxyl groups of the ribose sugar rings and with non-bridging oxygen of the phosphodiester backbone.
However, the recent structures of ADAR2 dsRBDs bound to the GluR-2 R/G site have shown that the binding is achieved via a direct readout of the RNA sequence in the minor groove of the dsRNA substrate [7] , giving some critical insights to reconsider our current understanding of the sequence-specificity of dsRBDs. ADAR2 dsRBDs use helix α1 and the β1-β2 loop as molecular rulers to find their binding register in the RNA minor groove. Interestingly, dsRBD1 recognize a G-X9-A motif whereas dsRBD2 binds a slightly different motif: G-X8-A [7] . The length and the positioning of helix α1 relative to the β1-β2 loop appear to be the key structural determinant that control the register length of the two dsRBDs [7] . These structures provide key elements for our understanding of editing site specificity as they reveal that dsRBD2 specifically recognizes the base pair 3′ adjacent to the editing site, therefore bringing the deaminase domain close to its substrate adenosine.
The determination of the register of binding of other dsRBDs from other ADAR proteins is very attractive as it could help to understand the molecular determinant explaining the selectivity of editing, and eventually could help to predict binding sites of ADAR dsRBDs and sites of editing. However, the subtle differences in the mode of binding by different dsRBDs [7] render the prediction of the register length for a particular dsRBD only on the basis of its sequence difficult if not impossible [4] . For this reason, the determination of precise structures of other ADAR dsRBDs are essential to extend and improve our understanding of editing specificity.
In the present study, we have determined the solution structure of the first dsRBD of Drosophila ADAR and characterized its interaction with RNA. Additionally, we show that Drosophila ADAR edits the R/G site in the mammalian GluR-2 pre-mRNA and we could build a model showing how dADAR dsRBD1 binds to the GluR-2 R/G stem-loop. This model reveals that most side chains interacting with the RNA sugar-phosphate backbone are already oriented and ready to bind to the dsRNA partner. The model also predicts that dADAR dsRBD1 would bind to dsRNA with less sequence specificity than dsRBDs of ADAR2. Altogether, this study gives new insights into dsRNA substrate recognition by the unique ADAR protein of Drosophila.
Material and methods

Cloning, expression and purification of dADAR dsRBD1
The DNA sequence encoding the first dsRBD of dADAR (residues 48-140) (Uniprot entry Q9NII1) was cloned in E. coli expression vector pET28a+ between NdeI and XhoI cloning sites. The constructs contain a N-terminal tag whose sequence MGSSHHHHHHSSGLVPRGSHM includes a 6 histidine stretch used for protein purification. Proteins were overexpressed in BL21(DE3) Codon-plus (RIL) cells in either LB media or M9 minimal media supplemented with 15 NH 4 Cl and 13 C-labelled glucose. The cells were grown at 37°C to OD600 ~0.4, cooled down at 30°C and induced at OD600 ~0.6 by adding isopropyl-β-D-thiogalactopyranoside to a final concentration of 0.5 mM. Cells were harvested 15 h after induction by centrifugation. Cell pellets were resuspended in lysis buffer (Tris-HCl pH 8.0 50 mM, NaCl 1 M, EDTA 1mM, DTT 1 mM) and lysed by sonication. Cell lysates were centrifuged 40 min at 45,000 g. Supernatant was loaded on a Ni-NTA column on a ÄKTA Prime purification system (Amersham Biosciences), and the protein of interest was eluted with an imidazole gradient. The fractions containing the protein were pooled, dialyzed against the NMR Buffer (NaPi pH 6.5 25 mM, KCl 25 mM, DTT 1 mM), and concentrated to ~1.2 mM with a Vivaspin 5000 MWCO (Sartorius Stedim Biotech).
NMR Spectroscopy
All NMR spectra were recorded at 298 K on Bruker AVIII-500 MHz, AVIII-600 MHz, AVIII-700 MHz and Avance-900 MHz spectrometers (all equipped with a cryoprobe). The data were processed using TOPSPIN 2.1 (Bruker) and analyzed with Sparky [39] . Protein resonances were assigned with 2D ( 1 H-15 N) 
Protein structure determination
Automated NOE cross-peak assignments [40] and structure calculations with torsion-angle dynamics [41] were performed with the macro noeassign of the software package CYANA 2.1 [42] . Peak lists of the three NOESY spectra were generated as input with the program ATNOS [43] and manually cleaned to remove artefact peaks. The input also contained 32 hydrogen-bond restraints. Hydrogen bonded amides were identified as slowly exchanging protons in presence of D 2 O. Their bonding partner was identified from preliminary structures as well as from analysis of the characteristic NOE pattern found in α-helices and β-sheets. We calculated 100 independent structures that we refined in a water shell with the program CNS 1.21 [44, 45] as previously described [46] . The 20 best energy structures were analyzed with PROCHECK-NMR [47] . Structures were visualized and figures were prepared with program PYMOL [48] .
RNA sample and isothermal titration calorimetry
The modified GluR-2 upper stem-loop RNA (GluR-2 USL) [7] was produced by in vitro transcription with T7 polymerase (RNA sequence 5′ GGUAGUAUAACAAUAUCCGUGUUGUUAUAGUACC 3′). It corresponds to the GluR-2 upper stem capped with the GluR-3 tetraloop, as previously described [7] . RNA was purified by anionexchange high-pressure liquid chromatography under denaturing conditions, as previously described [49] . The RNA was annealed by heating at 95 °C for 5 min and snap cooling on ice, to favour a stem-loop conformation.
ITC experiments were performed on a VP-ITC instrument (MicroCal) calibrated according to the manufacturer's instructions. The samples of protein and nucleic acids were prepared in and dialyzed against the ITC buffer (NaPi pH 6.5 25 mM, KCl 75 mM, 2-mercaptoethanol 2 mM). The concentration of protein and nucleic acid was determined by OD absorbance at 280 and 260 nm, respectively. The sample cell (1.4 mL) was loaded with 6 μM of GluR-2 USL RNA; dADAR dsRBD1 concentration in the syringe was 120 μM.
Titration experiments were done at 25 °C and consisted of 34 injections, each of 8 μL volume with a 5-min interval between additions. Stirring rate was 307 r.p.m. Raw data were integrated, corrected for nonspecific heats and normalized for the molar concentration. Three parameters were fitted (the association constant Ka, the binding enthalpy ΔH and the number of site N) using the equation for 1:1 binding model. Measurements were repeated three times and mean value and standard deviation were calculated for each parameter.
Editing Assay for GluR-2 mRNA R/G site by Drosophila ADAR
A plasmid encoding the rat GluR-2 pre-mRNA encompassing the R/G editing site pcDNA3 FLAG_GRG SS [50] was used for subcloning into pAc5.1/V5-HisA vector (Invitrogen) so that it could be transfected into Drosophila S2 cells. Different Drosophila ADAR isoforms were expressed in the pRMHa3 vector which has an inducible metallothionein promoter. S2 cells were cultured under standard conditions and transfected with Cellfectin according to the manufactures instructions. The total amount of DNA transfected was 1.25 μg. After induction of Drosophila ADAR with copper sulfate, cells were collected and RNA prepared using Trizol reagent (Invitrogen). Random hexamers were used to generate cDNA. PCR amplification was performed with sequence specific primers that were also used for sequencing; CAGCCAGCAGTCGTCTAATC (sense) and CGGTACGCGTAGAATCGAGA (antisense).
Modelling the interaction with dsRNA
The refined ensemble of structures of dADAR dsRBD1 was superimposed on the backbone atoms with the 20 refined structure of ADAR2 dsRBD1 in complex with GluR-2 upper stem-loop RNA (pdb code 2L3C) [7] . This initial superposition allowed us to generate 400 starting structures of protein/RNA complexes between dADAR dsRBD1 and GluR-2 USL RNA, each of them built as a unique pair of conformers. Each individual structure was subjected to a refinement protocol in CNS 1.21 with no experimental energy terms. First, the structures were energy minimized with a conjugate gradient minimization and subsequently a rigid body minimization with two rigid groups defined as one for the protein and one for the RNA stem-loop. Second, these minimized structures were subjected to a restrained simulated annealing protocol in implicit water. It consisted of 6 ps of dynamics at 1000 K followed by cooling to 25 K over 26 ps. Different type of restraints were applied for the interface and for the rest of the molecules; (i) the side chains of helix α1, the side chains of the 108 RSKKVAR 114 motif at the N-terminal tip of helix α2 as well as the side chains and backbone of loop β1-β2 were set to unrestrained atoms; (ii) the backbone of helix α1 and the 108 RSKKVAR 114 motif as well as the nucleotides in the RNA loop were harmonically restrained to their initial position, allowing small motions for these parts; (iii) all the rest of the protein and the RNA stem were set to fixed atoms. The resulting complexes were finally energy minimized and the 10 best energy structures were pooled as the refined ensemble and analyzed with PYMOL [48] .
Results
Drosophila ADAR dsRBD1 adopts a canonical dsRBD fold
To get structural insights into the molecular determinants leading to Drosophila ADAR (dADAR) specificity, we first determined the solution structure of the first dsRBD of dADAR with 2208 NOE-derived constraints. The structure is very precise with a backbone r.m.s.d. over the entire domain (residues 64-126) of 0.30 ± 0.06 Å for the ensemble of 20 conformers ( Figure 1A ). Constraints also include 32 hydrogen-bond restraints to backbone amides that were established as slowly exchanging protons in presence of D 2 O. Their hydrogen-bond acceptors were identified from preliminary structures. Assignment and structure calculation procedures are described in the material and method section. NMR experimental constraints and refinement statistics are presented in Table I .
The domain adopts the canonical αβββα topology with the two α-helices packed against the 3-stranded anti-parallel β-sheet ( Figure 1B) [30, 31] . Hydrophobic side chains from all six secondary structure elements (α1, β1-3 and α2) contribute to the hydrophobic core of the domain ( Figure 1B and 1C) . Even though dADAR dsRBD1 displays the canonical αβββα topology, slight differences with reported dsRBD structures are present. First, helix α1 is one helical turn shorter at its C-terminal tip than canonical dsRBDs like dsRBD2 of Xlrbpa [32] (Figure 2 ). This type of shorter helix α1 have been reported in the dsRBD structures of ADAR2 [25] and yeast RNAse III Rnt1p [35, 51] . Remarkably, helix α1 of dADAR dsRBD1 does not present an additional turn at its N-terminal extremity like it has been reported in the case of ADAR2 dsRBD1 [25] (Figure 2 ). The length of helix α1 is therefore similar to the one of ADAR2 dsRBD2 (Figure 2 ) even though its amino acid sequence is more similar to ADAR2 dsRBD1 ( Figure 3E ). This point will be further discussed later. Secondly, a β-bulge is present at the end of β1 with two consecutive residues facing up towards the hydrophilic side of the β-sheet, namely E81 and S82 ( Figure  1C) . Additionally, the β1-β2 loop which is sometimes conformationally heterogenous [25, 33, 46] presents here a well defined conformation ( Figure 1A ).
Drosophila ADAR dsRBD1 interacts with GluR-2 R/G upper stem loop RNA
So far, the only structural data of ADAR dsRBDs bound to an RNA substrate are the structures of ADAR2 dsRBDs bound to the GluR-2 R/G stem-loop [7] . Therefore, we decided to characterize the RNA binding properties of dADAR dsRBD1 with the same RNA, namely the GluR-2 R/G stem-loop, in order to benefit from the available structural information. In ADAR2, dsRBD1 has been shown to bind to the upper part of the GluR-2 R/ G stem-loop (in short the upper stem-loop or USL), whereas dsRBD2 binds to the lower part of the stem-loop [25] . We first tested whether dADAR dsRBD1 would also interact with the GluR-2 USL. We therefore used the same modified GluR-2 stem-loop used in the structural study of ADAR2 [7] , namely a GluR-2 stem-loop in which the apical pentaloop has been replaced by the tetraloop found in the GluR-3 R/G editing site ( Figure 3A ). This construct gave NMR data of better quality [7] . Isothermal titration calorimetry (ITC) confirmed the strong protein-RNA interaction (Kd = 0.40 ± 0.05 μM) with two dsRBDs bound per RNA USL ( Figure 3D ). This protein:RNA ratio of 2:1 is interesting as ADAR proteins are known to be active as dimers and thus two pairs of dsRBDs are certainly binding together on ADAR RNA substrates [52, 53] .
Mapping the RNA binding surface of Drosophila ADAR dsRBD1
To get a more detailed view of the interaction between dADAR dsRBD1 and GluR-2 USL, we performed NMR titrations by adding step by step either 15 N-labelled dsRBD1 into a GluR-2 USL RNA sample or by adding RNA into a 15 N-protein sample ( Figure 3B ). In both situations, the exchange regime corresponds to a fast to intermediate exchange regime on the NMR chemical shift time-scale, as revealed by broadening and disappearance of most resonances of the protein amides for substoichiometric amount of RNA and their reappearance for a RNA:protein ratio of 2:1 and above. However, some specific amide resonances seem not to come back even in excess of RNA. This severe broadening leading to unobservable signals is sometimes observed in fast to intermediate exchange regime for resonances that experience large chemical shift variation between free and bound state [54, 55] , meaning for residues of the interface. We cannot exclude other sources of broadening to be responsible for the disappearance of these signals, such as residual dynamics at the interface or multiple binding conformations. Indeed, the ITC titration showed that two protein sites exist on the USL RNA ( Figure 3D ), suggesting that an exchange between the two different bound states could possibly contribute to the resonances broadening. In any case these signals must belong to residues of the protein-RNA interface. The analysis of these NMR titrations enables us to determine the regions of the protein involved in RNA binding ( Figure 3B ). These residues forming the protein-RNA interface are mapped on the surface of the protein ( Figure 3C ) as well as on the dsRBD amino acid sequence ( Figure  3E ). These residues belong to the three canonical regions known to participate in dsRNA binding, namely the helix α1 and the β1-β2 loop which interact in two consecutive minor grooves of a RNA helix, and the β3-α2 loop together with the N-terminal tip of helix α2 which interact across the RNA major groove [7, 32, 33, 35] . It is important to note that this NMR titration does not permit to directly conclude about the participation in dsRNA binding of residues V87 and H88 located in the β1-β2 loop because in one case (V87) we miss the amide assignment in the free form and because in the other case (H88) the amide signal lies in the middle and overlapped region of the 15 N-1 H HSQC spectrum (121.9 -8.35 ppm), making impossible the assignment of its bound state on the only basis of the RNA titration. Therefore, the β1-β2 loop does not appear as drastically affected upon RNA binding on Figure 3C . But the disappearance of A89 amide ( Figure 3B ) is a clear indication that the β1-β2 loop is definitely involved in RNA binding. Altogether, this shows that dADAR dsRBD1 binds to GluR-2 USL RNA using a canonical mode of interaction.
Drosophila ADAR edits mammalian GluR-2 R/G site
Having shown that dADAR dsRBD1 binds to GluR-2 R/G USL RNA, we were interested to know whether this mammalian site of editing, which is naturally modified by both ADAR1 and ADAR2 could be edited by the Drosophila enzyme. This question was of primary interest in order to support our structural NMR characterization, and has of course important implications for the understanding of the molecular determinant at the origin of the distinct selectivity of the different ADAR enzymes. Indeed, we recently demonstrated that Drosophila ADAR edits other sites in mammalian GluR-2 pre-mRNA, namely the Q/R site which is a natural substrate of ADAR2 and an intronic hotspot 1 site which is preferentially modified by ADAR1 [22] , showing that dADAR is less selective than mammalian ADARs. Additionally, mammalian ADAR2 can modify highly specific sites of editing in Drosophila substrates [22] , indicating an overlap in the editing specificity of dADAR and ADAR2.
We thus investigated with an ex vivo editing assay the capacity of dADAR to edit the GluR-2 R/G site. We co-transfected plasmids encoding the Drosophila ADAR enzyme together with a minigene encoding the GluR-2 R/G site into Drosophila S2 cells, and subsequently determine the editing levels by sequencing as described in material and methods. Interestingly, dADAR efficiently modifies the mammalian GluR-2 R/G site, with approximately 90% editing efficiency for the highest dADAR expression level (Figure 4 and Supplementary Figure S1 ). The editing efficiency of two different isoforms of dADAR, namely the S isoform and the G isoform, has been investigated. However, dADAR can edit its own pre-mRNA at the so-called S/G site [23] , therefore when dADAR S isoform is transfected into cells a mixture of unedited and edited isoforms is obtained, refers to as dADAR S/G. We noticed that this mixture of isoform is more active at editing mammalian GluR-2 R/G site than the completely edited isoform dADAR G (Figure 4 ) which is consistent with previous observations [14] . Altogether, this further confirms the overlapping specificity of editing between Drosophila and mammalian ADARs and suggests that RNA substrate recognition by different ADAR proteins must share common structural features.
Modelling the interaction of Drosophila ADAR dsRBD1 with RNA
In order to characterize the molecular determinants leading to dsRNA binding by dsRBD1 of Drosophila ADAR, we decided to take advantage of the available structure of the complex between ADAR2 dsRBD1 and the GluR-2 USL, and to build a structural model of dADAR dsRBD1 bound to the same RNA stem-loop. The ITC titration showed that two dsRBDs are bound per GluR-2 USL RNA ( Figure 3D ). Our goal was not to build a model that would describe how these two dsRBDs would arrange on a single stem-loop, but to compare the molecular determinants at the origin of RNA recognition in the case of dADAR and ADAR2. Ultimately, the structural model could help us to understand the selectivity of interaction and particularly the length of the binding register of Drosophila dsRBD1. The model was therefore build by superimposing the dADAR dsRBD1 structure onto the one of ADAR2 dsRBD1. The resulting bundle of structures were refined in implicit water with a restrained simulated annealing protocol as described in material and methods. Different type of restraints were applied for the interface as determined by NMR titration experiments ( Figure 3 ) and for the rest of the molecule. Shortly, the side chains of helix α1 and of the 108 RSKKxAR 114 motif at the N-terminal tip of helix α2, as well as the entire β1-β2 loop were allowed to move freely; whereas the rest of the protein was fixed during the simulated annealing protocol. Initially, the protein and the RNA were also allowed to adjust their relative orientation as two rigid blocks in a rigid body minimization. Finally, the 10 lowest energy structures of the protein-RNA complex ( Figure 5B ) were compared to the initial protein bundle and protein-RNA contacts were carefully analyzed.
The superimposition of the initial structures of free dsRBD1 with the refined model bound to dsRNA revealed that most side chains interacting with the sugar-phosphate backbone are already correctly oriented and ready to bind to the dsRNA. In particular the long side chains of K110, K111 and R114 are only slightly displaced to adapt to the RNA phosphate backbone over the major-groove (Figure 6 ). This situation is not unique to dADAR dsRBD1, as the stacking of positively charged residues equivalent to K110 and R114 (dADAR dsRBD1 residue numbering - Figure 3E ) over conserved aromatic rings, namely Y78 for K110 and F92 for R114, allows these long side chains to adopt an elongated conformation ( Figure 6 ). It has been proposed earlier that these aromatic side chains would therefore be essential for proper orientation of the long positively charged residues within the KKxAK consensus motif at the N-terminal tip of helix α2 [32] , and their importance for the dsRNA binding capacity of dsRBDs have been also demonstrated [30, 33, 56] . Surprisingly, the side chain of K111 also presents an elongated conformation in the free form which in this case cannot be explained by a stacking onto an aromatic residue. In addition, the β1-β2 loop is in our structure also properly structured in the free form as it needs only small amplitude movements to adapt to its RNA partner ( Figure 6 ). This situation does not seem to be shared by all dsRBDs as the β1-β2 loop has been sometimes reported to be structurally heterogeneous in the free form, therefore requiring larger structural rearrangement upon dsRNA binding [25, 30, 31, 33] .
Non-sequence specific contacts are found between the 108 RSKKVAR 114 motif and the sugar phosphate backbone across the major groove of the RNA USL. Side chains of K110, K111 and R114 contact non-bridging oxygen of the phosphate backbone ( Figure 5A ). Those electrostatic interactions form the typical pattern of dsRNA recognition via dsRBDs. Additionally, R108 contacts the 2′-hydroxyl of nucleotide G22 ( Figure 3A and 5A) . Contacts are also observed between the upper part of helix α1 and the RNA tetraloop ( Figure 5A ) and are consistent with the chemical shift changes observed in the loop region of the RNA (U34, C35 and C36) upon interaction with dADAR dsRBD1 (Supplementary Figure S2) . Interestingly, a sequence specific contact is found between the main-chain carbonyl of V87 in the β1-β2 loop and the amino group of G22 in the minor groove ( Figure  5A and D) , as previously seen in the ADAR2 complex [7] . This contact is observed in 4 of the 10 structures of the bundle. Remarkably, in the ADAR2 dsRBD1 USL structure, an other sequence specific contact is formed in helix α1 between nucleotide A32 and a methionine side chain [7] , but no similar contact is observed in our model ( Figure 5A and C) . Indeed, the residue equivalent to the methionine contacting adenine 32 in the minor groove is an alanine, namely A67 ( Figure 3E and 5A ), the side chain of which is too short to contact RNA bases in the minor groove. Chemical shift perturbation between free and bound form of the protein confirms the participation of A67 methyl group in the protein RNA interface and excludes the adjacent methionine M68 ( Figure 3E and 5A) to be part of the interaction as its methyl group is not affected upon protein binding (Supplementary Figure S2) . Overall, the model suggests that dADAR dsRBD1 which makes only one sequence specific contact via its β1-β2 loop would bind to dsRNA with less specificity than ADAR2 dsRBD1 and dsRBD2.
Discussion
Structural comparison of dADAR and ADAR2 dsRBD1 structures
In this study, we determined the solution structure of the N-terminal dsRBD of Drosophila ADAR. This dsRBD shares 60 % identity and 76 % similarity with ADAR2 dsRBD1 (Figure 3E ), whose structure was also determined by solution NMR [25] . However, in the present structure, more NOE-derived constraints were extracted from the NOESY spectra, 2208 compared to 1754, and more long range NOE distances were used (|i-j| ≥ 5 residues), 726 compared to 596 (Table I and [25] ). As a result, the present structure is more precise with an heavy atom r.m.s.d. of 0.56 ± 0.07 Å over the entire domain (ADAR2 dsRBD1 heavy atom r.m.s.d. = 1.28 ± 0.23 Å).
The sequences at the N-terminal tip of helix α1 are very similar ( Figure 3E ), but nonetheless the two structures differ substantially, with helix α1 of ADAR2 forming an additional turn at its N-terminus (Figure 2 ). This difference may have important implications for RNA recognition as the length and the positioning of helix α1 appear to be the key structural element that determine the register length of different dsRBDs [7] . In order to understand the molecular basis of this important difference, we compared the two sets of NOE-derived constraints that define the structure of helix α1. It appeared that the additional turn in ADAR2 dsRBD1 is not supported by NOE-derived constraints, but is defined by hydrogenbonds and torsion angle restraints. These hydrogen-bonds and torsion angle restraints were applied based on secondary chemical shift values (R. Stefl, personal communication). In dADAR dsRBD1, the residues preceding N64 ( Figure 3E) were not visible in the NMR spectra and we could thus not obtain the assignment of their Cα and Cβ chemical shifts. We can therefore not evaluate if real differences exist between the two helix α1 in dADAR dsRBD1 and ADAR2 dsRBD1, or if the observed differences are only coming from the different protocols that were used for structure calculation.
Specificity of editing
One important question with dsRBDs of ADAR proteins, is to understand the molecular basis of their specificity that may result in the modification of a single adenosine in an entire dsRNA structure, like in the GluR-2 R/G stem-loop. Also in Drosophila there is extensive site-specific editing events as 972 editing sites were identified within 597 genes that lead to 630 codon changes [17] . Therefore the question arises how can an enzyme remain specific yet recognize so many different substrates. Recently, structures of ADAR2 dsRBDs in complex with natural dsRNA substrates revealed that this sequence specific substrate recognition is achieve via a direct readout of the dsRNA minor groove [7] . In the present study, we built a model reporting the interaction between dADAR dsRBD1 and a dsRNA substrate modified by this enzyme. This model suggests that a main-chain carbonyl group in the β1-β2 loop is contacting the amino group of a guanosine in the minor groove. This type of contact has been observed in both dsRBDs of ADAR2 [7] , but also in various crystal structures of dsRBDs in complex with dsRNA [32, 34, 36, 37] , and therefore seems to be a common feature of dsRBD-dsRNA sequence-specific recognition. However, our model predicts no other sequence-specific contact that could be formed via helix α1. Interestingly, sequence specific contacts involving helix α1 seem to be more diverse, as different type of residue for base recognition, namely methionine and glutamine, have been observed in the reported structures [7, 34, 36] . Therefore, we believe that dADAR dsRBD1 binds to dsRNA with less selectivity than other dsRBDs that use two sequence-specific contacts to find a single binding register in the RNA minor groove. First, this could explain why in NMR titrations, we do not observe all the protein signals to come back even in excess of RNA ( Figure 3B ). The domain would fail to be fixed at a single position and might slide back and forth between different sites, resulting in a broadening of the resonances at the protein-RNA interface. Additionally, this might also account for the looser specificity of dADAR as compared with ADAR1 and ADAR2 [22] . Nevertheless, the affinity of binding between dADAR dsRBD1 and GluR-2 USL is strong (Kd = 0.40 ± 0.05 μM) and is very close to the affinity that have been determined for ADAR2 dsRBD1 binding to the same RNA substrate (Kd = 0.33 ± 0.03 μM) [7] . This high affinity of binding can account for the high editing efficiency Drosophila ADAR has for the human GluR-2 R/ G site (Figure 4) .
The lack of a second sequence-specific contact from helix α1 results from a single residue difference where a methionine in ADAR2 is changed to an alanine in dADAR (A67 - Figure  3E) . Interestingly, such a mutation M67A (dADAR residue numbering) has been introduced in ADAR2 and results in a five fold decrease in editing efficiency for the GluR-2 R/G site [7] . It would be interesting to test whether such a mutant with less editing efficiency on the R/G site would also start editing other adenosines with a higher efficiency, and especially some ADAR1 specific sites that are efficiently edited by the Drosophila enzyme [22] .
Dimerization of ADAR proteins on RNA substrates
Intrigued by the presence of two binding sites of high affinity ( Figure 3D ) for dADAR dsRBD1 on the GluR-2 USL, where only one high affinity binding site was observed in our previous study of ADAR2 dsRBD1 [7] , we decided to examine the structural aspects of how two dsRBDs could bind together to the GluR-2 USL. This is of particular interest in the context of ADAR dimerization. ADAR proteins are indeed known to be active as dimers [52, 53] and therefore two pairs of dsRBDs must be accommodated onto ADAR RNA substrates. Moreover, even if the footprint of the RNA in its bound form (RNA:protein ratio of 1:2 -Supplementary Figure S2) is consistent with the binding of one protein in the loop region of the GluR-2 RNA (as represented in Figure 5A ), the disappearance of the signal of U20 cannot be explained by this binding event and comes probably from the binding of a second protein molecule onto the GluR-2 USL RNA. The model we built for a single dsRBD bound to the GluR-2 USL revealed that only one sequence specific contact towards an amino group of a guanosine in the minor groove would be sufficient for recognition and binding ( Figure 5 ). Therefore, we analyzed all the possibilities of binding for two dsRBDs contacting a guanosine in the minor groove via their β1-β2 loop. There were in total three possibilities, but in one of those (binding to G41 in the minor groove) the two proteins would clash over the major groove, the binding sites being too close to each other. The two remaining possibilities are shown in Figure 7 . In one of those, the two dsRBDs have the same orientation and in the other adopt an anti-parallel orientation. Even if it might not reflect dimerization in vivo, we consider that the first model is more likely to describe the binding of the second dsRBD that we observed in our in vitro system, and this for two reasons: (i) the position of the second dsRBD with contact to G19 in the first model would explain the disappearance of the resonances of U20 in the 2D TOCSY of the complex (Supplementary Figure S2) ; (ii) the minor groove at the bottom of the RNA stem would not be long enough for an optimal interaction with helix α1 in the second model ( Figure 7C ). In the context of the full length GluR-2 RNA, the situation is likely to be different. Indeed, on the one hand the stem would be longer, enabling an optimal accommodation of helix α1 in the second model ( Figure 7C) , and on the other hand, G19 which is contacted in the first model, is not present in the natural GluR-2 sequence. It has been introduced here together with G18 as starting nucleotides for an optimal in vitro RNA transcription ( Figure 3A) . Barraud Therefore, even if our in vitro data are consistent with the first model ( Figure 7A and B) , we do not pretend here to describe the in vivo dimerization of the protein. Note that no change in the resonances of U20 was observed in the case of ADAR2 dsRBD1, consistent with the fact that only one high affinity binding site exists for ADAR2 dsRBD1 on the GluR-2 USL [7] .
Altogether, this suggests that the formation of an active dimer complex can take advantage of two different situations, either involving highly specific dsRBDs which recognize their substrate via two sequence-specific contacts (like the ones of ADAR2), or involving less specific dsRBDs which recognize their substrate with only one sequence specific contact (like dsRBD1 of Drosophila ADAR). In the first situation, dimerization would occur via a first strong binding of two dsRBDs to highly specific sites and followed by weaker binding of the same two dsRBDs to suboptimal binding sites. In the second case, dimerization will occur by simultaneous binding of four dsRBDs with medium specificity allowing equally efficient dimerization on the RNA substrate but looser specificity. This looser specificity of dADAR dsRBD1 could explain the broader range of substrates efficiently edited by the unique ADAR protein of Drosophila that is known to be able to modify substrates specific to each human enzyme ADAR1 or ADAR2.
Conclusion
In summary, the results presented in this paper report the structure of dADAR dsRBD1 and the characterisation of its binding properties to dsRNA. We also report that the Drosophila enzyme can efficiently modify the mammalian GluR-2 R/G site showing an overlap in the editing specificity of mammalian and Drosophila ADAR. Finally, we constructed a model accounting for the interaction between dADAR dsRBD1 and RNA. This model reinforces our current understanding of sequence-specific RNA recognition by dsRBDs. Indeed, it suggests that the interaction of a carbonyl group in the β1-β2 loop with an amino group of a guanosine in the minor groove of the RNA would be a widespread feature of dsRBDdsRNA sequence-specific recognition, whereas the various type of sequence-specific contacts involving helix α1 would allow the recognition of different types of RNA sequences. More structures of dsRBDs in their free form or in complex with natural dsRNA target will certainly help to extend and refine our appreciation of sequence-specific RNA recognition by dsRBDs and eventually to allow the prediction of binding sites of dsRBD with an increased precision.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Editing ratio at the GluR-2 R/G site by Drosophila ADAR. The ratio of the Guanosine signal to the combined signal of Adenosine and Guanosine is shown. A ratio of 1 implies 100% editing whereas a ratio of 0 indicates no detectable editing. Increasing amounts of DNA encoding Drosophila ADAR were co-transfected with a minigene encoding the GluR-2 R/G site. The DNA concentration of the minigene was titrated so as to keep the total amount of DNA constant at 1.250 μg. After RT-PCR, sequencing was performed to ascertain editing levels. Drosophila ADAR can edit its own pre-mRNA, therefore when dADAR S isoform is transfected into cells a mixture of unedited and edited isoforms is obtained; dADAR S/G (Black columns). However this mixture of isoform is more active than the completely edited isoform dADAR G (Grey columns) which is consistent with previous observations [14] . See also Supplementary Figure S1 .
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